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(54) TiUe: GENETIC INHIBITION BY DOUBLE-STRANDED RNA 



(57) Abstract 

A process is provided of introducing an RNA into a living cell to inhibit gene expression of a target gene in that cell. The process may 
be practiced ex vivo or m vivo. The RNA has a region with double-stranded structure. Inhibition is sequence-specific in that the nucleotide 
sequences of the duplex region of the RNA and of a portion of the target gene are idcnUcal. TTic present invenUon is distinguished from 
prior art interference in gene expression by antiscnse or triple-strand methods. 
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GENETIC INHIBITION BY DOUBLE-STIIANDED RNA 



GOVERNMENT RIGHTS 
This invention was made with U.S. government support under grant numbers GM- 
37706, GM-17 164, HD-33769 and GM-07231 awarded by the National Institutes of 
Health. The U.S. government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention ^ 

The present invention relates to gene-specific inhibition of gene expression by 
double-stranded ribonucleic acid (dsRNA). 

2. Description of the Related Ait 

Targeted inhibition of gene expression has been a long-felt need in biotechnology 
and genetic engineering. Although a major investment of effort has been made to achieve 
this goal, a more comprehensive solution to this problem was still needed. 

Classical genetic techniques have been used to isolate mutant organisms with 
reduced expression of selected genes. Although valuable, such techniques require 
laborious mutagenesis and screening programs, are limited to organisms in which genetic 
manipulation is well established (e.g., the existence of selectable markers, the ability to 
control genetic segregation and sexual reproduction), and are limited to applications in 
which a large number of cells or organisms can be sacrificed to isolate the desired 
mutation. Even under these circumstances, classical genetic techniques can fail to 
produce mutations in specific target genes of interest, particularly when complex genetic 
pathways are involved. Many applications of molecular genetics require the ability to go 
beyond classical genetic screening techniques and efficiently produce a directed change in 
gene expression in a specified group of cells or organisms. Some such applications are 
knowledge-based projects in which it is of importance to understand what effects the loss 
of a specific gene product (or products) will have on the behavior of the cell or organism. 
Other applications arc cncineenng based, for example: cases in whicli is important to 
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Triple-Helix Approaches to Engineer Interference 

A second, proposed method for engineered interference is based on a triple helical 
nucleic acid structure. This approach relies on the rare ability of certain nucleic acid 
populations to adopt a triple-stranded structure. Under physiological conditions, nucleic 
5 acids are virtually all single- or double-stranded, and rarely if ever form triple-stranded 
structures. It has been known for some time, however, that certain simple purine- or 
pyrimidine-rich sequences could form a triple-stranded molecule in vitro under extreme 
conditions of pH (i.e., in a test tube). Such structures are generally very transient under 
physiological conditions, so that simple delivery of unmodified nucleic acids designed to 
10 produce triple-strand structures does not yield interference. As with antisensc, 

development of triple-strand technology for use in vivo has focused on the development of 
modified nucleic acids that would be more stable and more readily absorbed by cells in 
vivo. An additional goal in developing this technology has been to produce modified 
nucleic acids for which the formation of triple-stranded material proceeds effectively at 
15 physiological pH. 

Co-Suppression Phenomena and Their Use in Genetic Engineering 

A third approach to gene-specific interference is a set of operational procedures 
grouped under the name "co-suppression". This approach was first described in plants 
20 and refers to the ability of transgenes to cause silencing of an unlinked but homologous 
gene. More recently, phenomena similar to co-suppression have been reported in two 
animals: C elegans and Drosophila, Co-suppression was first observed by accident, with 
reports coming bom groups using transgenes in attempts to achieve over-expression of a 
potentially useful locus. In some cases the over-expression was successful while, in many 
25 others, the result was opposite from tfiat expected. In those cases, the transgenic plants 
actually showed less expression of the endogenous gene. Several mechanisms have so far 
been proposed for transgene-mediatcd co-suppression in plants; all of these mechanistic 
proposals remain hypothetical, and no definitive mechanistic description of the process 
has been presented. The models that have been proposed to explain co-suppression can 
30 be placed in two different categories. In one set of proposals, a direct physical interaction 
at the DNA- or chromatin-lcvel between two different chromosomal sites has been 
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inhibition occurs efficiently under physiological conditions, and occurs with a wide 
variety of inhibitory and target nucleotide sequences. The present invention has been 
used to inhibit expression of 18 different genes, providing phenocopies of null mutations 
in these genes of known function. The extreme environmental and sequence constraints 
5 on triple-helix formation make it unlikely that dsRN A-mediated inhibition in C. elegans 
is mediated by a triple-strand structure. 

Distinction between Present Invention and Co-Suppression Approaches 

The transgene-mediated genetic interference phenomenon called co-suppression 
1 0 may include a wide variety of different processes. From the viewpoint of application to 
other types of organisms, the co-suppression phenomenon in plants is difficult to extend. 
A confounding aspect in creating a general technique based on co-suppression is that 
some transgenes in plants lead to suppression of the endogenous locus and some do not. 
Results in C. elegans and Drosophila indicate that certain transgenes can cause 
1 5 interference (i.e., a quantitative decrease in the activity of the corresponding endogenous 
locus) but that most transgenes do not produce such an effect The lack of a predictable 
effect in plants, nematodes, and insects greatly limits the usefulness of simply adding 
transgenes to the genome to interfere with gene expression. Viral-mediated co- 
suppression in plants appears to be quite effective, but has a number of drawbacks. First, 
20 it is not clear what aspects of the viral structure are critical for the observed interference. 
Extension to another system would require discovery of a virus in that system which 
would have these properties, and such a library of useful viral agents are not available for 
many organisms. Second, the use of a replicating virus within an organism to effect 
genetic changes (e.g., long- or short-term gene therapy) requires considerably more 
25 monitoring and oversight for deleterious effects than the use of a defmed nucleic acid as 
in the present invention. 

The present invention avoids the disadvantages of the previously-described 
methods for genetic interference. Several advantages of the present invention are 
discussed below, but numerous others will be apparent to one of ordinary skill in the 
30 biotechnology and genetic engineering arts. 

5 
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defined functionally as a nucleotide sequence that is capable of hybridizing with a portion 
of the target gene transcript. 

The cell with the target gene may be derived from or contained in any organism 
(e.g., plant animal, protozoan, vims, bacterium, or fungus). RNA may be synthesized 
5 either in vivo or in vitro. Endogenous RNA polymerase of the cell may mediate trans- 
cription in vivo, or cloned RNA polymerase can be used for transcription in vivo or in 
vitro. For transcription from a transgcne in vivo or an expression construct, a regulatory 
region may be used to transcribe the RNA strand (or strands). 

The RNA may be directly introduced into the cell (i.e,, intracellularly); or 
1 0 introduced extracellularly into a cavity, interstitial space, into the circulation of an 

organism, introduced orally, or may be introduced by bathing an organism in a solution 
containing RNA. Methods for oral introduction include direct mixing of RNA with food 
of the organism, as well as engineered approaches in which a species that is used as food 
is engineered to express an RNA, then fed to the organism to be affected. Physical 
1 5 methods of introducing nucleic acids include injection directly into the cell or extra- 
cellular injection into the organism of an RNA solution. ^ 

The advantages of the present invention include: the ease of introducing double- 
stranded RNA into cells, the low concentration of RNA which can be used, the stability of 
double-stranded RNA, and the effectiveness of the inhibition. The ability to use a low 
20 concentration of a naturally-occurring nucleic acid avoids several disadvantages of anti- 
sense interference. This invention is not limited to in vitro use or to specific sequence 
compositions, as are techniques based on triple-strand formation. And unlike antisense 
interference, triple-strand interiference, and co-suppression, this invention does not suffer 
from being limited to a particular set of target genes, a particular portion of the target 
25 gene's nucleotide sequence, or a particular transgene or viral delivery method. These 
concerns have been a serious obstacle to designing general strategies according to the 
prior art for inhibiting gene expression of a target gene of interest. 

Furthermore, genetic manipulation becomes possible in organisms that are not 
classical genetic models. Breeding and screening programs may be accelerated by the 
30 ability to rapidly assay the consequences of a specific, targeted gene disruption. Gene 
disruptions may be used to discover the function of the target gene, to produce disease 

7 

SUBSTITUTE SHEET (RULE 26) 



Printed from Mimosa 00/04/06 1 1:35:32 Page: 9 



wo 99/32619 



PCT/US98/27233 



hours, 3 for 15-27 hours, 4 for 27-41 hours, and 5 for 41-56 hours The bottom-left 
diagram shows genetically derived relationship between unC'22 gene dosage and behavior 

8 3 

based on analyses of unc-22 hctcrozygotes and polyploids * . 

Figures 5 A-C show examples of genetic inhibition following ingestion by C 
5 elegans of dsRN As (torn expressing bacteria. Panel A: General strategy for production of 
dsRN A by cloning a segment of interest between flanking copies of the bacteriophage T7 
promoter and transcribing both strands of the segment by transfecting a bacterial strain 
(BL21/DE3)^^ expressing the T7 polymerase gene from an inducible (Lac) promoter. 
Panel B: A GFP-expressing C. elegans strain, PD4251 (see Figure 2), fed on a native 
1 0 bacterial host Panel C: PD425 1 animals reared on a diet of bacteria expressing dsRNA 
corresponding to the coding region for gfp. 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention provides a method of producing sequence-specific inhibi- 
15 lion of gene expression by introducing double-stranded RN A (dsRNA). A process is 

provided for inhibiting expression of a target gene in a cell. The process comprises intro- 
duction of RNA with partial or fully double-stranded character into the cell. Inhibition is 
sequence-specific in that a nucleotide sequence from a portion of the target gene is chosen 
to produce inhibitory RNA. We disclose that this process is ( I ) effective in producing 
20 inhibition of gene expression, (2) specific to the targeted gene, and (3) general in allowing 
inhibition of many different types of target gene. 

The target gene may be a gene derived from the cell (i.e., a cellular gene), an 
endogenous gene (i.e., a cellular gene present in the genome), a transgene (i.e., a gene 
construct inserted at an ectopic site in the genome of the cell), or a gene from a pathogen 
25 which is capable of infecting an organism from which the cell is derived. Depending on 
the particular target gene and the dose of double stranded RNA material delivered, this 
process may provide partial or complete loss of function for the target gene. A reduction 
or loss of gene expression in at least 99% of targeted cells has been shown. 

Inhibition of gene expression refers to die absence (or observable decrease) in the 
30 level of protein and/or mRNA product from a target gene. Specificity refers to the ability 
to inhibit the target gene without manifest effects on other genes of the cell. The 
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to allow specific genetic inhibition while avoiding a general panic response in some 
organisms which is generated by dsRNA. Likewise, bases may be modified to block the 
activity of adenosine deaminase. RNA may be produced cnzymatically or by partial/total 
organic synthesis, any modified ribonucleotide can be introduced by in vitro enzymatic or 
organic synthesis. 

The double-stranded strucmre may be formed by a single self-complementary 
RNA strand or two complemeniary RNA strands. RNA duplex formation may be initi- 
ated cither inside or outside the cell. The RNA may be introduced in an amount which 
allows delivery of at least one copy per cell. Higher doses (eg., at least 5, 10, 100. 500 or 
1000 copies per cell) of double-stranded material may yield more effective inhibition; 
lower doses may also be uscftil for specific applications. Inhibition is sequence-specific 
in that nucleotide sequences corresponding to the duplex region of the RNA are targeted 
for genetic inhibition. 

RNA containing a nucleotide sequences identical to a portion of the target gene 
5 are preferred for inhibition. RNA sequences with insertions, deletions, and single point 
mutations relative to the target sequence have also been found to be effective for inhi- 
bition. Thus, sequence identity may optimized by sequence comparison and alignment 
algorithms known in the art (see Gribskov and Devereux, Sequence Analysis Primer, 
Stockton Press, 1991, and references cited therein) and calculating the percent difference 
20 between the nucleotide sequences by, for example, the Smith- Waterman algorithm as 

implemented in the BESTFIT software program using default parameters (e.g., University 
of Wisconsin Genetic Computing Group). Greater than 90% sequence identity, or even 
100% sequence identity, between the inhibitory RNA and the portion of the target gene is 
preferred. Alternatively, the duplex region of the RNA may be defined fiinctionally as a 
25 nucleotide sequence that is capable of hybridizing with a portion of the target gene trans- 
cript (e.g., 400 mM NaCl, 40 mM PIPES pH 6.4, I mM EDTA, SOX or 70X hybridi- 
zation for 12-16 hours; followed by washing). The length of the identical nucleotide 
sequences may be at least 25, 50, 100. 200, 300 or 400 bases. 

As disclosed herein, 100% sequence identity between the RNA and the target gene 
30 is not required to practice the present invention. Thus the invention has the advantage of 

11 
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The cell having the target gene may be from the germ line or somatic, totipotent or 
pluripotent, dividing or non-dividing, parenchyma or epithelium, immortalized or trans- 
formed, or the like. The cell may be a stem cell or a differentiated cell. Cell types that are 
differentiated include adipocytes, fibroblasts, myocytes, cardiomyocytes, endothelium, 
5 neurons, glia, blood cells, megakaryocytes, lymphocytes, macrophages, neutrophils, 
eosinophils, basophils, mast cells, leukocytes, granulocytes, keratinocytes, chondrocytes, 
osteoblasts, osteoclasts, hepatocytes, and cells of the endocrine or exocrine glands. 

RNA may be synthesized either in vivo or in vitro. Endogenous RNA polymerase 
of the cell may mediate transcription in vivo, or cloned RNA polymerase can be used for 
10 transcription in vivo or in vitro. For transcription from a transgcne in vivo or an expres- 
sion construct, a regulatory region (e.g., promoter, enhancer, silencer, splice donor and 
acceptor, polyadenylation) may be used to transcribe the RNA strand (or strands). Inhibi- 
tion may be targeted by specific transcription in an organ, tissue, or cell type; stimulation 
of an environmental condition (e.g., infection, stress, temperature, chemical inducers); 
1 5 and/or engineering transcription at a developmental stage or age. The RNA strands may 
or may not be polyadenylated; the RNA strands may or may not be capable of being 
translated into a polypeptide by a cell's translational apparatus. RNA may be chemically 
or enzymaticaily synthesized by manual or automated reactions. The RNA may be 
synthesized by a cellular RNA polymerase or a bacteriophage RNA polymerase (e.g., T3, 
20 T7, SP6). The use and production of an expression consmict arc known in the art^^ 

(sec also WO 97/32016; U.S. Pat Nos. 5,593,874. 5,698,425, 5,712,135, 5,789,214, and 
5,804,693; and the references cited therein). If synthesized chemically or by in vitro 
enzymatic synthesis, the RNA may be purified prior to introduction into the cell. For 
example, RNA can be purified from a mixmre by extraction with a solvent or resin, 
25 precipitation, electrophoresis, chromatography, or a combination thereof Alternatively, 
the RNA may be used with no or a minimum of purification to avoid losses due to sample 
processing. The RNA may be dried for storage or dissolved in an aqueous solution. The 
solution may contain buffers or salts to promote annealing, and/or stabilization of the 
duplex strands. 

30 RNA may be directly introduced into the cell (i.e., intracellularly); or introduced 

extracellulady into a cavity, interstitial space, into the circulation of an organism, inU-o- 

13 
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Treatment would include amelioration of any symptom associated with the disease or 
clinical indication associated with the pathology. 

A gene derived from any pathogen may be targeted for inhibition. For example, 
the gene could cause immunosuppression of the host directly or be essential for rcpli- 
5 cation of the pathogen, transmission of the pathogen, or maintenance of the infection. 
The inhibitory RNA could be introduced in cells in vitro or ex vivo and then subsequently 
placed into an animal to affect therapy, or directly treated by in vivo administration. A 
method of gene therapy can be envisioned. For example, cells at risk for infection by a 
pathogen or already infected cells, particularly human immunodeficiency virus (HIV) 
10 infections, may be targeted for treatment by introduction of RNA according to the 

invention. The target gene might be a pathogen or host gene responsible for entry of a 
pathogen into its host, drug metabolism by the pathogen or.host, replication or integration 
of the pathogen's genome, establishment or spread of an infection in the host, or assembly 
of the next generation of pathogen. Methods of prophylaxis (i.e., prevention or decreased 
1 5 risk of infection), as well as reduction in the frequency or severity of symptoms associated 
with infection, can be envisioned. 

The present invention could be used for treatment or development of treatments 
for cancers of any type, including solid tumors and leukemias, including: apudoma, 
choristoma, branchioma, malignant carcinoid syndrome, carcinoid heart disease, carci- 
20 noma (e.g.. Walker, basal cell, basosquamous, Brown-Pearce, ductal, Ehrlich tumor, in 
situ, Kxebs 2, Merkel cell, mucinous, non-small cell lung, oat cell, papillary, scirrhous, 
bronchiolar, bronchogenic, squamous cell, and transitional cell), histiocytic disorders, 
leukemia (e.g., B cell, mixed cell, null cell, T cell, T-cell chronic, HTLV-H-associated, 
lymphocytic acute, lymphocytic chronic, mast cell, and myeloid), histiocytosis malignant, 
25 Hodgkin disease, immunoproliferative small, non-Hodgkin lymphoma, plasmacytoma, 
reticuloendotheliosis, melanoma, chondroblastoma, chondroma, chondrosarcoma, 
fibroma, fibrosarcoma, giant cell tumors, histiocytoma, lipoma, liposarcoma, mesothe- 
lioma, myxoma, myxosarcoma, osteoma, osteosarcoma, Ewing sarcoma, synovioma, 
adenofibroma, adenolymphoma, carcinosarcoma, chordoma, cranio-pharyngioma, 
30 dysgemiinoma, hamartoma, mesenchymoma, mesonephroma, myosarcoma, amelo- 
blastoma, cementoma, odontoma, teratoma, thymoma, trophoblastic tumor, adeno- 
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amyloglucosidases, catalases, cellulascs, chalconc synthases, chitinases, cyclooxygenases, 
decarboxylases, dextrinases, DNA and RNA polymerases, galactosidases, glucanases, 
glucose oxidases, granule-bound starch synthases, GTPases, helicases, hemicellulases, 
integrases, inulinases, invertases, isomerascs, kinases, lactases, lipases, lipoxygenases, 
5 lysozymcs, nopaline synthases, octopine synthases, pectinesterases, peroxidases, 
phosphatases, phospholipases. phosphorylases, phytases, plant growth regulator 
synthases, polygalacturonases, proteinases and peptidases, pullanases, recombinases, 
reverse transcriptases, RUBISCOs, topoisomerases, and xylanases). 

The present invention could comprise a method for producing plants with reduced 
10 susceptibility to climatic injury, susceptibility to insect damage, susceptibility to infection 
by a pathogen, or altered fruit ripening characteristics. The targeted gene may be an 
enzyme, a plant structural protein, a gene involved in pathogenesis, or an enzyme that is 
involved in the production of a non-proteinaceous part of the plant (i.e., a carbohydrate or 
lipid). If an expression construct is used to transcribe the RNA in a plant, transcription by 
15 a wound- or stress-inducible; tissue-specific (e.g., fruit, seed, anther, flower, leaf, root); or 
otherwise regulatable (e.g., infection, light, temperature, chemical) promoter may be used. 
By inhibiting enzymes at one or more points in a metabolic pathway or genes involved in 
pathogenesis, the effect may be enhanced: each activity will be affected and the effects 
may be magnified by targeting multiple different components. Metabolism may also be 
20 manipulated by inhibiting feedback control in the pathway or production of unwanted 
metabolic byproducts. 

The present invention may be used to reduce crop destruction by other plant 
pathogens such as arachnids, insects, nematodes, protozoans, bacteria, or fungi. Some 
such plants and their pathogens are listed in Index of Plant Diseases in the United States 
25 (U.S. Dept. of Agriculture Handbook No. 1 65, 1960); Distribution of Plant-Parasitic 
Nematode Species in North America (Society of Nematologists, 1985); and Fungi on 
Plants and Plant Products in the United States (American Phytopathological Society, 
1989). Insects with reduced ability to damage crops or improved ability to prevent other 
destructive insects from damaging crops may be produced. Furthermore, some nematodes 
30 are vectors of plant pathogens, and may be auacked by other beneficial nematodes which 
have no effect on plants. Inhibition of target gene activity could be used to delay or 

17 
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The case with which RN A can be introduced into an intact cell/organism 
containing the target gene allows the present invention to be used in high throughput 
screening (HTS). For example, duplex EINA can be produced by an amplification 
reaction using primers flanking the inserts of any gene library derived from the target 
5 cell/organism. Inserts may be derived from genomic DNA or mRNA (e.g., cDNA and 
cRN A). Individual clones from the library can be replicated and then isolated in separate 
reactions, but preferably the library is maintained in individual reaction vessels (e.g., a 96- 
well microtiter plate) to minimize the number of steps required to practice the invention 
and to allow automation of the process. Solutions containing duplex RNAs that arc 
1 0 capable of inhibiting the different expressed genes can be placed into individual wells 
positioned on a microtiter plate as an ordered array, and intact cells/organisms in each 
well can be assayed for any changes or modifications in behavior or development due to 
inhibition of target gene activity. The amplified RNA can be fed directly to, injected into, 
the cell/organism containing the target gene. Alternatively, the duplex RNA can be 
15 produced by in vivo or in vitro transcription from an expression construct used to produce 

the library. The construct can be replicated as individual clones of the library and w 
transcribed to produce the RNA; each clone can then be fed to, or injected into, the 
cell/organism containing the target gene. The function of the target gene can be assayed 
from the effects it has on the cell/organism when gene activity is inhibited. Tliis 
20 screening could be amenable to small subjects that can be processed in large number, for 
example: arabidopsis, bacteria, drosophila, fungi, nematodes, viruses, zebrafish, and 
tissue culture cells derived from mammals. 

A nematode or other organism that produces a colorimctric, fluorogenic, or 
luminescent signal in response to a regulated promoter (e.g., transfected with a reporter 
25 gene construct) can be assayed in an HTS format to identify DN A-binding proteins that 
regulate the promoter. In the assay's simplest form, inhibition of a negative regulator 
results in an increase of the signal and inhibition of a positive regulator results in a 
decrease of the signal. 

If a characteristic of an organism is deieraiined to be genetically linked to a 
30 polymorphism through RFLP or QTL analysis, the present invention can be used to gain 
insight regarding whether that genetic polymorphism might be directly responsible for the 

19 
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pesticide of the present invention may serve as an arachnicide, insecticide, nematicidc, 
viricide, bactericide, and/or ftingicide. For example, plant parts that are accessible above 
ground (e.g., flowers, fruits, buds, leaves, seeds, shoots, bark, stems) may be sprayed with 
pesticide, the soil may be soaked with pesticide to access plant parts growing beneath 
5 ground level, or the pest may be contacted with pesticide directly. If pests interact with 
each other, the RNA may be transmitted between them. Alternatively, if inhibition of the 
target gene results in a beneficial effect on plant growth or development, the aforemen- 
tioned RNA, expression construct, or transfected organism may be considered a nutri- 
tional agent. In either case, genetic engineering of the plant is not required to achieve the 
10 objectives of the invention. 

Alternatively, an organism may be engineered to produce dsRN A which produces 
commercially or medically beneficial results, for example, resistance to a pathogen or its 
pathogenic effects, improved growth, or novel developmental patterns. 

Used as either an pesticide or nutrient, a formulation of the present invention may 
1 5 be delivered to the end user in dry or liquid fonn: for example, as a dust, granulate, 

emulsion, paste, solution, concentrate, suspension, or encapsulation. Instructions for safe 
and effective use may also be provided with the formulation. The formulation might be 
used directly, but concentrates would require dilution by mixing with an extender 
provided by the formulator or the end user. Similariy, an emulsion, paste, or suspension 
20 may require the end user to perform certain preparation steps before application. The 
formulation may include a combination of chemical additives known in the art such as 
solid carriers, minerals, solvents, dispersants, surfactants, emulsifiers, tackifiers, binders, 
and other adjuvants. Preservatives and stabilizers may also be added to the formulation to 
facilitate storage. The crop area or plant may also be treated simultaneously or separately 
25 with other pesticides or fertilizers. Methods of application include dusting, scattering or 
pouring, soaking, spraying, atomizing, and coating. The precise physical fonii and 
chemical composition of the formulation, and its method of application, would be chosen 
to promote the objectives of the invention and in accordance with prevailing 
circumstances. Expression constructs and transfected hosts capable of replication may 
30 also promote the persistence and/or spread of the formulation. 
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promoters (e,g., T3 or T7 RN A polymerase), or with characterized promoters in vivo, is 
produced predominantly from a single strand. The inventors had carried out purification 
of these crude preparations to investigate whether a small fraction of the RNA had an 
unusual structure which might be responsible for the observed genetic inhibition. To 
rigorously test whether double-soanded character might contribute to genetic inhibition, 
the inventors carried out additional purification of single-stranded RNAs and compared 
inhibitory activities of individual strands with that of the double-stranded hybrid. 

The following examples are meant to be illustrative of the present invention; 
however, the practice of the invention is not limited or restricted in any way by them. 

Analysis of RNA-Mediated Inhibition of C elegans Genes 

The unC'22 gene was chosen for initial comparisons of activity as a result of 
previous genetic analysis that yields a semi-quantitative comparison between unc-22 gene 
activity and the movement phenotypes of animals^-': decreases in activity produce an 
increasingly severe twitching phenotype, while complete loss of ftinction results in the 
additional appearance of muscle structural defects and impaired motility, unc-22 encodes 
an abundant but non-essential myofilament protein^"', unc-22 mRN A is present at several 
thousand copies per striated muscle cell^. 

Purified andsense and sense RNAs covering a 742 nt segment of unc-22 had only 
marginal inhibitory activity, requiring a very high dose of injected RNA for any observ- 
able effect (Figure 4). By contrast, a sense+antisense mixture produced a highly effective 
inhibition of endogenous gene activity (Figure 4). The mixture was at least two orders of 
magnitude more effective than either single strand in inhibiting gene expression. The 
lowest dose of die sensc+antisense mixture tested, approximately 60,000 molecules of 
each strand per adult, led to tA\'itching phenotypes in an average of 100 progeny, unc-22 
expression begins in embryos witii approximately 500 cells. At this point, the original 
injected material would be diluted to at most a few molecules per cell. 

The potent inhibitory activity of the sense+antisense mixuirc could reflect forma- 
I tion of double-stranded RNA (dsRN A), or conceivably some alternate synergy between 
the strands. Electrophoretic analysis indicated that the injected material was predomi- 
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larval arrest phenotype not seen with unc-54 null mutants) was illustrative. This segment 
covers the highly conserved myosin motor domain, and might have been expected to 
inhibit the activity of other highly related myosin heavy chain genes'^. This interpretation 
would support uses of the present invention in which nucleotide sequence comparison of 
5 dsRNA and target gene show less than 100% identity. The unc54C segment has been 
unique in our overall experience to date: effects of 18 other dsRNA segments have all 
been limited to those expected from characterized null mutants. 

The strong phenotypes seen following dsRNA injection are indicative of inhibitory 
effects occurring in a higji fraction of cells. The unC'54 and hlh-l muscle phenotypes, in 
10 particular, are known to result from a large number of defective muscle cells' To 
examine inhibitory effects of dsRNA on a cellular level, a transgenic line expressing two 
different GFP-derived fluorescent reporter proteins in body muscle was used. Injection of 
dsRN A directed to gfp produced dramatic decreases in the fraction of fluorescent cells 
(Figure 2). Both reporter proteins were absent from the negative cells, while the few 
1 5 positive cells generally expressed both GFP forms. 

The pattern of mosaicism observed with gfp inhibition was not random. At low 
doses of dsRNA, the inventors saw frequent inhibition in the embryonically-derived 
muscle cells present when the animal hatched. The inhibitory effect in these differen- 
tiated cells persisted through larval growth: these cells produced little or no additional 
20 GFP as the affected animals grew. The 14 postembryonically-derivcd striated muscles are 
bom during early larval stages and were more resistant to inhibition. These cells have 
come through additional divisions (13-14 versus 8-9 for embryonic rauscles'^ '^). At high 
concentrations of gfp dsRNA, inhibition was noted in virtually all striated bodywall 
muscles, with occasional single escaping cells including cells bom in embryonic or post- 
25 embryonic suges. The nonstriated vulval muscles, bom during late larval development, 
appeared resistant to genetic inhibition at all tested concentrations of injected RNA. The 
latter result is important for evaluating the use of the present invention in other systems. 
First, it indicates that failure in one set of cells from an organism does not necessarily 
indicate complete non-applicability of the invention to that organism. Second, it is impor- 
30 tant to realize that not all tissues in the organism need to be affected for the invention to 
be used in an organism. This may serve as an advantage in some situations. 
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with dsRNA. 

The C. elegans gene unc-22 encodes an abundant muscle filament protein, unc-22 
null mutations produce a characteristic and uniform twitching phenotype in which the 
animals can sustain only transient muscle contraction. When wild-type animals were fed 
bacteria expressing a dsRNA segment from unc-22, a high fraction (85%) exhibited a 
weak but stilt distinct twitching phenotype characteristic of partial loss of function for the 
unc'22 gene. The C. elegans fern- 1 gene encodes a late component of the sex 
determination pathway. Null mutations prevent the production of spcrmi and lead cuploid 
(XX) animals to develop as females, while wild type XX animals develop as 
hermaphrodites. When wild-type animals were fed bacteria expressing dsRNA 
corresponding to fern- 1, a fraction (43%) exhibit a sperm-less (female) phenotype and 
were sterile. Finally, the ability to inhibit gene expression of a transgene target was 
assessed. When animals carrying a gfp transgene were fed bacteria expressing dsRNA 
corresponding to the gfp reporter, an obvious decrease in the overall level of GFP 
fluorescence was observed, again in approximately 12% of the population (see Figure 5, 
panels B and C). 

The effects of these ingested RNAs were specific. Bacteria carrying different 
dsElNAs from fem-I and gfp produced no twitching, dsRNAs from unC'22 and fem-l did 
not reduce gfp expression, and dsRN As from gfp and unc-22 did not produce females. 
These inhibitory effects were apparently mediated by dsRNA: bacteria expressing only 
the sense or antisense strand for either gfp or unc~22 caused no evident phenotypic effects 
on their C elegans predators. 

Table 4 shows the effects of bathing C elegans in a solution containing dsRNA. 
Larvae were bathed for 24 hours in solutions of the indicated dsRNAs (I mg/ml), then 
allowed to recover in normal media and allowed to grow under standard conditions for 
two days. The unc-22 dsRNA was segment ds-unc22A from Figure 1. pos-\ and sqt-3 
dsRNAs were from the full length cDNA clones, pos-I encodes an essential maternally 
provided component required early in embyogenesis. Mutations removing pos-I activity 
have an early embryonic arrest characteristic of .v/.7i-like mutations Cloning and 
activity patterns for sqt-S have been described^*. C. elegans sqt-S mutants have mutations 
in the col-} collagen gene^^ Phenotypes of affected animals are noted. Incidences of 
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Formation of predominantly double stranded material was confirmed by testing migration 
on a standard (non-denaturing) agarose gel: for each RN A pair, gel mobility was shifted to 
that expected for double-stranded RNA of the appropriate length. Co-incubation of the 
two strands in a low-salt buffer (5 mM Tris-HCl pH 7.5, 0.5 niM EDTA) was insufficient 
5 for visible formation of double-stranded RNA in vitro. Non-annealed scnse+antisense 
RNAs for unc22B and gfpG were tested for inhibitory effect and found to be much more 
active than the individual single strands, but 2-4 fold less active than equivalent pre- 
annealed preparations. 

After pre-annealing of the single strands for unclIA^ the single electrophoretic 
10 species corresponding in size to that expected for dsRNA was purified using two rounds 
of gel electrophoresis. This material retained a high degree of inhibitory activity. 

Except where noted, injection mixes were constructed so animals would receive 
an average of 0.5x10^ to 1.0x10^ molecules of RNA. For comparisons of sense, antisense, 
and dsRNA activities, injections were compared with equal masses of RNA (i.e., dsRNA 
15 at half the molar concentration of the single strands). Numbers of molecules injected per 
adult are given as rough approximations based on concentration of RNA in the injected 
material (estimated from ethidiiun bromide staining) and injection volume (estimated 
from visible displacement at the site of injection). A variability of several-fold in 
injection volume between individual animals is possible; however, such variability would 
20 not affect any of the conclusions drawn herein. 

Methods for Analysis of Phenotypcs 

Inhibition of endogenous genes was generally assayed in a wild type genetic 
background (N2). Features analyzed included movement, feeding, hatching, body shape, 

25 sexual identity, and fertility. Inhibition with gfp " and lacZ activity was assessed using 
strain PD425 1 . This strain is a stable transgenic strain containing an integrated array 
(ccls425l) made up of three plasmids: pSAK4 (myo-3 promoter driving mitochondrial ly 
targeted GFP), pSAK2 {myo-S promoter driving a nuclear targeted GFP-LacZ fusion), and 
a dpy-20 subclone"^ as a selectable marker. This strain produces GFP in all body 

30 muscles, with a combination of mitochondrial and nuclear localization. Tlie two distinct 
compartments are easily distinguished in these cells, allowing a facile distinction between 
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two different reporter proteins: nuclear GFP-LacZ and mitochondrial GFP, both expressed 
in body muscle. The fluorescent nature of these reporter proteins allowed us to examine 
individual cells under the fluorescence microscope to determine the extent and generality 
of the observed inhibition of gene, ds-unc22A RNA was injected as a negative control. 
5 GFP expression in progeny of these injected animals was not affected. The GFP patterns 
of these progeny appeared identical to the parent strain, with prominent fluorescence in 
nuclei (the nuclear localized GFP-LacZ) and mitochondria (the mitochondrially targeted 
GFP): young larva (Figure 2A), adult (Figure 2B), and adult body wall at high magnifi- 
cation (Figure 2C). 

10 In contrast, the progeny of animals injected with ds-gfpG RNA are affected 

(Figures 2D-F). Observable GFP fluorescence is completely absent in over 95% of the 
cells. Few active cells were seen in larvae (Figure 2D shows a larva with one active cell; 
uninjcctcd controls show GFP activity in all 81 body wall muscle cells). Inhibition was 
not effective in all tissues: the entire vulval musculature expressed active GFP in an adult 

15 animal (Figure 2E), Rare GFP positive body wall muscle cells were also seen adult 

animals (two active cells are shown in Figure 2F). Inhibition was target specific (Figures 
2G-1). Animals were injected with ds-iacZL RNA, which should affect the nuclear but 
not the mitochondrial reporter construct. In the animals derived from this injection, 
mitochondrial-targeted GFP appeared unaffected while the nuclear-targeted GFP-LacZ 

20 was absent from almost all cells (larva in Figure 2G). A typical adult lacked nuclear 

GFP-LacZ in almost all body-wall muscles but retained activity in vulval muscles (Figure 
2H)- Scale bars in Figure 2 arc 20 ^m. 

The effects of double-stranded RNA corresponding to mex-S on levels of the 
endogenous mRNA was shown by in situ hybridization to embryos (Figure 3, panels A- 

25 D). The 1262 nt mex-i cDNA clone^** was divided into two segments. mex-SA and mex- 
3B with a short (325 nt) overlap. Similar resuhs were obtained in experiments with no 
overlap between inhibiting and probe segments. mex-iB anlisensc or dsRN A was 
injected into the gonads of adult animals, which were maintained under standard culture 
conditions for 24 hours before fixation and in situ hybridization (see Reference 5). The 
30 mex-SB dsRNA produced 100% embryonic arrest, while >90% of embryos from the 
aniisense injections hatched. Antisense probes corresponding to mex-3A were used to 
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bacteria. Comparable inhibition results were obtained with the two bacterial expression 
systems. A GFP-expressing C. elegans strain, PD4251 (see Figure 2), was fed on a native 
bacterial host These animals show a uniformly high level of GPP fluorescence in body 
muscles (Figure 5B). PD425 1 animals were also reared on a diet of bacteria expressing 
5 dsRNA corresponding to the coding region for gfp. Under the conditions of this experi- 
ment, 12% of these animals showed dramatic decreases in GFP (Figure 5C). As an 
alternative strategy, single copies of the T7 promoter were used to drive expression of an 
inverted-duplication for a segment of the target gene, either unc-22 or gfp. This was 
comparably effective. 

10 
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Table 1. Effects of sense, antisensc, and mixed RNAs on progeny of injected animals. 
Gene and Segment Size Injected RNA Fl Phenotype 



unc-22 

unc22A^ 

unc22B 
unc22C 



cxon 21-22 



exon 27 



cxon 



unc'22 null mutants: strong twitchers^'S 

sense wild type 

antisense wild type 

sense+antiscnse strong twiichcrs ( I OOVo) 

sense wild type 

antisensc wild type 

sense+antisense strong twitchcrs ( 1 00%) 

2 1 -22^ 785 sense+antiscnse strong twitchcrs ( 1 00%) 



742 



1033 



fern- 1 

15 fern I A exon 10*= 
fern IB intron 8 



20 unc'54 

uncS4A exon 6 



fem-l null mutants: female (no sperm) 

53 1 sense hermaphrodite (98%) 

hermaphrodite (>98%) 
female (72%) 



556 



sense 
antisensc 
sense+antiscnse 
sense+antiscnse 



hermaphrodite (>98%) 





uncS4B 


exon 6 


651 


25 










unc54C 


cxon 1-5 


1015 




imc54D 


promoter 


567 




mc54E 


intron 1 


369 


30 


tmc54F 


intron 3 


386 



unc-54 null mutants: paralyzed^** ' 

576 sense wild type ( 1 00%) 

antisensc wild type (100%) 

sense+antiscnse paralyzed (100%)^ 

sense wild type (100%) 

antisense wild type ( 1 00%) 

sense+antiscnse paralyzed ( 1 00%)^ 

scnsc+aniiscnsc arrested embryos and larvae ( 1 00%) 

scnsc+antiscnsc wild type ( 1 00%) 

sense+antiscnse wild type ( 1 00%) 

sensc+aniiscnse wild type ( 1 00%) 
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individual sense and antisense unc22A preparations produced some visible twitching (1% 
and 11% of progeny respectively). Comparable doses o(dS'Unc22A RNA produced 
visible twitching in all progeny, while a 120-fold lower dose o{ds-unc22A RNA produced 
visible twitching in 30% of progeny. 
5 b: unc22C also carries the intervening intron (43 nt). 

c: femlA also carries a portion (131 nt) of intron 10. 

d: Animals in the first affected broods (laid at 4-24 hours after injection) showed 
movement defects indistinguishable from those of null mutants in unc-54. A variable 
fraction of these animals (25-75%) failed to lay eggs (another phenotypc of unc-54 null 
10 mutants), while the remainder of the paralyzed animals were egg-laying positive. This 
may indicate partial inhibition of unc-54 activity in vulval muscles. Animals from later 
broods frequently exhibit a distinct partial loss-of-ftinction phenotype, with contractility 
in a subset of body wall muscles. 

e: Phcnotypes of hlh-l inhibitory RNA include arrested embryos and partially 
1 5 elongated LI larvae (the hlh-l null phenotype) seen in virtually all progeny from injection 
of dS'hlhlA and about half of the affected animals from ds-hlhlB and ds-hlhIC) and a set 
of less severe defects (seen with the remainder of the animals from As-hlhlB and ds- 
hlhlC), The less severe phenotypes are characteristic of partial loss of fiinction for hlh-l. 
f: The host for these injections, PD425 1, expresses both mitochondrial GFP and 
20 nuclear GFP-LacZ. This allows simultaneous assay for inhibition ofgfp (loss of all 
fluorescence) and /acZ (loss of nuclear fluorescence). The table describes scoring of 
animals as LI larvae. ds-gfpG caused a loss of GFP in all but 0-3 of the 85 body muscles 
in these larvae. As these animals mature to adults, GFP activity was seen in 0-5 
additional bodywall muscles and in the eight vulval muscles. 
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Table 3, C elegans can respond in a genc-spccific manner to environmental dsRNA. 



Bacterial Food 


Movement 


Germ tine Phenotype 


GFP-Transgenc Expression 


BL2l(DE3) 


OVo twitch 


< 1% female 


<1% faint GFP 


BL21(DE3) Ifcm-I dsRNA] 


0% twitch 


43% female 


<I% faint GFP 


BL2l(DE3) lunc22 dsRNA] 


85% twitch 


< 1% female 


< 1% faint GFP 


BL2l(DE3)lg;^?dsRNA] 


0% twitch 


< 1% female 


12% faint GFP 



Table 4. Effects of bathing C elegans in a solution containing dsRNA. 

15 

dsRNA Biological Effect 

_ " 9 

unC'22 Twitching (similar to partial loss of unc-22 function) 

20 pos-1 Embryonic anrest (similar to loss ofpos-J function) 

sqt-3 Shortened body (Dpy) (similar to partial loss of sqt-S function) 
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WE CLAIM: 

1 . A method to inhibit expression of a target gene in a cell comprising 
introduction of a ribonucleic acid (FIN A) into the cell in an amount sufficient to inhibit 
expression of the target gene, wherein the RNA comprises a double-stranded structure 
with an identical nucleotide sequence as compared to a portion of the target gene. 

2. The method of claim 1 in which the target gene is a cellular gene. 

3. The method of claim 1 in which the target gene is an endogenous gene. 

4. The method of claim 1 in which the target gene is a transgenc. 

5. The method of claim I in which the target gene is a viral gene. 

6. The method of claim 1 in which the cell is from an animal. w 

7. The method of claim I in which the cell is from a plant. 

8. The method of claim 6 in which the cell is from an invertebrate animal. 

9. The method of claim 8 in which the cell is from a nematode. 

10. The method of claim I in which the identical nucleotide sequence is at 
least 50 bases in length. 

1 1 . The method of claim I in which the target gene expression is inhibited by 
at least 10%. 

12. The method of claim I in which the cell is present in an organism and 
inhibition of target gene expression demonstrates a loss-of function phenotype. 
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(b) contacting a ribonucleic acid (RNA) with the organism, wherein the RNA 
is comprised of a double-stranded structure with duplexed ribonucleic acid 
strands and one of the strands is able to duplex with a portion of the target 
gene; and 

(c) introducing the RNA into the target cell, thereby inhibiting expression of 
the target gene. 

23. The method of claim 22 in which the organism is an animal. 

24. The method of claim 22 in which the organism is a plant. 

25. The method of claim 22 in which the organism is an invertebrate animal. 

26. The method of claim 22 in which the organism is a nematode. 

27. The method of claim 26 in which a formulation comprised of the RNA is 
applied on or adjacent to a plant, and disease associated with nematode infection of the 
plant is thereby reduced. 

28. The method of claim 22 in which the identical nucleotide sequence is at 
least 50 nucleotides in length. 

29. The method of claim 22 in which the expression of the target gene is 
inhibited by at least 1 0%. 

30. The method of claim 22 in which the RNA is introduced within a body 
cavity of the organism and outside the target cell. 

31. The method of claim 22 in which the RNA is introduced by extracellular 
injection into the organism. 
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FIG 3C 
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